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1 Introduction 
Converging evidence from experimental, clinical, 
and neuroimaging data suggests that a number of 
cortical areas are involved in human pain processing 
[1, 2, 3]. Among those are the primary (SI) and 
secondary (SII) somatosensory cortex. With regard 
to the representation of pain in SI and SII two issues 
have not been investigated so far:  
1. The temporal characteristics of nociceptive 
processing in these cortices have remained largely 
unexplored. Especially, it is unknown whether SI 
and SII are activated in a serial or a parallel mode.  
2. SI is not a homogeneous area but consists of four 
cytoarchitectonically distinct fields arranged from 
rostral to caudal and referred to as areas 3a, 3b, 1, 
and 2 [4, 5]. Whereas the parietal representations of 
tactile stimuli have been extensively investigated the 
representation of nociceptive stimuli within SI is 
unclear. 
We, therefore, used whole-head magnetoencephalo-
graphy (MEG) to investigate the time course of 
cortical responses in SI and SII to selective 
nociceptive cutaneous laser stimuli [6], and to study 
in detail the activations within SI to nociceptive as 
compared to tactile stimuli [7]. 

2 Methods 
2.1 Subjects 

Six healthy right-handed male volunteers aged 
between 28 and 38 years (mean 33 years) 
participated in two experiments each. All subjects 
gave informed consent prior to the experiment. The 
procedure was approved by the local ethical 
committee. 

2.2  Stimulation procedure 
In experiment I, 40 selective nociceptive cutaneous 
laser stimuli were applied to the dorsum of each 
hand using a Tm:YAG-Laser (Baasel Lasertech) 
with a wavelength of 2000 nm, a pulse duration of 1 
ms, and a spot diameter of 6 mm. Interstimulus 
intervals were randomly varied between 10 and 14 
seconds and stimulation site was slightly changed 
within an area of 4 x 3 cm after each stimulus. Prior 
to the recordings individual pain thresholds were 

determined with increasing and decreasing stimulus 
intensities at 50 mJ steps. Threshold was defined as 
intensity that elicited painful sensations in at least 
three of five applications. Stimulation intensity was 
adjusted to twofold pain threshold intensity, i.e. 
between 600 and 700 mJ pulse energy.  
In experiment II, in addition to nociceptive 
stimulation of the hands, tactile afferents were 
stimulated with 0.3 ms constant voltage pulses 
delivered to the superficial branch of the radial 
nerve just proximal to the wrist. At least 150 stimuli 
each were alternately delivered to both sides at 
random interstimulus intervals between 2 and 3 s. 
Stimulus intensity was adjusted to twofold detection 
threshold intensity, thus inducing clear and 
consistent nonpainful sensations. 

2.3 Data acquisition and analysis 
Cortical activity was recorded with a Neuromag-122 
whole-head neuromagnetometer [8] in a magneti-
cally shielded room. The helmet-shaped sensor array 
contains 122 planar SQUID gradiometers which 
detect the largest signals just above the local cortical 
current sources. Signals were recorded with a 0.03 
Hz high-pass filter and digitally low-pass filtered at 
120 Hz. Cortical responses were averaged time-
locked to stimulus application. Vertical 
electrooculogram was used to reject epochs 
contaminated with blink artifacts. Analysis of 
evoked responses was focused on an epoch 
comprising 100 ms prestimulus baseline and 300 ms 
after stimulation. 
Sources of responses were modeled as equivalent 
current dipoles identified during clearly dipolar field 
patterns. Only sources accounting for more than 
85% of the local field variance (goodness of fit) 
were accepted. Dipole location, orientation, and 
strength were calculated within a spherical 
conductor model of each subject’s head determined 
from the individual magnetic resonance images 
(MRI) acquired on a 1.5 T Siemens-Magnetom. 
Dipoles were introduced into a spatio-temporal 
source model where locations and orientations were 
fixed and source strengths were allowed to vary over 
time to provide the best fit for the recorded data [9]. 
Resulting source strengths as a function of time 
were used for latency determination. 



Based on fiducial point markers, MRI and MEG 
coordinate systems were aligned and sources were 
superposed on the individual MRI scans. 

3 Results 
3.1 Parallel activation of SI and SII 

Field patterns of magnetic responses to nociceptive 
stimuli indicated temporally overlapping activity of 
two almost orthogonally oriented cortical sources in 
the left contralateral and one source in the right 
ipsilateral hemisphere. Precise determination of 
activation sites and subsequent superposition on 
individual MRI scans revealed a source in the 
contralateral SI hand area,  and bilateral sources in 
the upper banks of the Sylvian Fissures 
corresponding to SII.  

Figure 1: Mean source strengths as a function of 
time across left and right hand stimulation of all 
subjects. Shaded areas depict ± SEM. SI, primary 
somatosensory cortex; SII, secondary somato-
sensory cortex; contra, contralateral; ipsi, ipsi-
lateral. 
 
Figure 1 shows the activations of these sources as a 
function of time (group means ± SEM). Onset 
latencies  of contralateral SI (131 ± 7 ms, mean ± 
SEM) and contralateral SII (126 ± 4 ms) were not 
statistically different (two tailed Wilcoxon signed 
rank test, p = 0.33) thus suggesting simultaneous 
activation of SI and SII. 

3.2 Nociceptive versus tactile representations 
in SI 

In all subjects, stimulation of tactile afferents 
elicited the well-known early 20-ms and 30-ms 
responses which were explained by a single dipole, 
fitted around 30 ms, originationg from area 3b of the 
contralateral SI hand area. In nine out of twelve 
hemispheres, an additional subsequently peaking 
source arising more medially from area 1 of the 
contralateral SI hand area was necessary to explain 
the measured signals. These early SI responses were 
followed by activity originating from the 
contralateral posterior parietal cortex in three 
recordings, and, in all recordings, from the upper 
banks of the Sylvian fissures, bilaterally, 
corresponding to SII. 
By contrast, nociceptive stimuli activated only a 
single source in contralateral SI simultaneously with 
bilateral SII sources. No nociceptive responses were 
recorded from the posterior parietal cortex. 

 
Figure 2: Tactile (white symbols) and nociceptive 
(black dot) sources of a single subjects superposed 
on his brain surface rendering. Square, area 3b 
source; dot, area 1 source; triangle, posterior 
parietal cortex. 
 
Figure 2 compares source locations to both stimuli 
in a single subject. The figure illustrates that, along 
the postcentral gyrus, the nociceptive SI source 
(black dot) was located more medially than the 
tactile area 3b response (white square). However, 
the location of the nociceptive source corresponded 
well to the later peaking tactile area 1 source (white 
dot). In addition, tactile stimuli later elicited a 
response arising from the posterior parietal cortex 
(white triangle), whereas no corresponding activity 
was recorded to nociceptive stimuli.  
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4 Discussion 
Using selective nociceptive stimuli our results 
confirm previous observations of SI and SII 
involvement in human pain processing [1, 2, 3]. The 
latencies of the cortical responses agree well with 
activation of A-delta fibers.  
Our finding of simultaneous activations of SI and 
SII to nociceptive stimuli suggest parallel 
thalamoocortical processing in pain processing and 
contrasts to the serial processing scheme of tactile 
stimuli. Anatomically, parallel nociceptive 
processing is likely to be subserved by distinct 
spinothalamocortical pathways via the 
ventroposterior inferior thalamic nucleus (VPI) to 
SII [10, 11] and via the ventroposterior lateral 
thalamic nucleus (VPL) to SI [12]. Differences in 
spinal input, response properties and receptive field 
sizes of nociceptive neurons along VPL-SI and VPI-
SII projections [1, 13, 14, 15] indicate an anatomical 
and functional segregation of both pathways from 
the spinal cord to cortex. 
For tactile stimuli an evolutionary shift in higher 
primates including humans from parallel to serial 
processing has been proposed on the basis of 
ablation experiments [16, 17]. Our results imply that 
such a shift has not occurred in pain processing. 
Instead, nociceptive information has been preserved 
a direct access to SII which suggests a crucial 
importance of this area in human pain processing. 
Direct corticolimbic projections from SII to the 
temporal lobe limbic structures have been proposed 
to subserve tactile learning and memory [10, 18]. 
Similarly, SII may play a key role in relaying 
nociceptive information to the temporal lobe limbic 
structures [15, 19] presumably involved in pain-
associated learning and memory processes. 
Therefore, we hypothesize that the fundamental 
relevance of pain-associated learning and memory 
accounts for the evolutionary preservation of the 
direct thalamic input to SII. 
Within SI nociceptive responses were found to 
merely originate from cytoarchitectonical area 1. 
This agrees with results from experimental animal 
studies [20, 21] and a recent fMRI study [22]. In 
tactile processing, anatomical and physiological 
investigations have revealed an at least in part 
hierarchical organization of somatosensory cortices 
with area 3b representing the first cortical stage of a 
processing cascade comprising area 1, the posterior 
parietal cortex and SII. Our result of sequentially 
peaking sources in area 3b, area 1, the posterior 
parietal cortex, and SII is likely to reflect this 
organizational mode. 

Taken together, nociceptive processing apparently 
does not share the elaborated and hierarchical 
organization of tactile processing which probably 
evolutionary evolved in parallel with an 
improvement in sensory capacities. Instead, direct 
projections from area 1 [23] and SII to the primary 
motor cortex [10] and from SII via the insula to the 
temporal lobe limbic structures [10] would provide 
an appropriate anatomical substrate for fast and 
effective integration of nociceptive information into 
motor and memory processes. 
Teleologically, this organization appears reasonable 
as, in pain perception, effective reactions to and 
future avoidance of harmful stimuli are obviously 
more important than object identification or 
manipulation, the more so as almost every painful 
stimulus is coupled with activation of tactile 
pathways. 
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